The role of store-operated Ca 2+ entry (SOCE) in the maintenance of sperm-induced Ca 2+ oscillations was investigated in porcine eggs. We found that 10 lM gadolinium (Gd 3+ ), which is known to inhibit SOCE, blocked Ca 2+ entry that was triggered by thapsigargin-induced store depletion and also caused an abrupt cessation of the fertilization Ca 2+ signal. In a similar manner 3,5-bis(trifluoromethyl)pyrazole 2 (20 lM), and tetrapandin-2 (10 lM), potent SOCE inhibitors, also blocked thapsigargin-stimulated Ca 2+ entry and disrupted the Ca 2+ oscillations after sperm-egg fusion. The downregulation of Stim1 or Orai1 in the eggs did not alter the Ca 2+ content of the intracellular stores, whereas co-overexpression of these proteins led to the generation of irregular Ca 2+ transients after fertilization that stopped prematurely. We also found that thapsigargin completely emptied the endoplasmic reticulum, and that the series of Ca 2+ transients stopped abruptly after the addition of thapsigargin to the fertilized eggs, indicating that the proper reloading of the intracellular stores is a prerequisite for the maintenance of the Ca 2+ oscillations. These data strengthen our previous findings that in porcine eggs SOCE is a major signaling cascade that is responsible for sustaining the repetitive Ca 2+ signal at fertilization.
INTRODUCTION
At the time of their release from the ovarian follicles, mammalian eggs are arrested at the metaphase stage of the second meiotic cell division. Meiosis is completed and embryo development begins at the time of fertilization when the sperm evokes repetitive transient elevations in the cytosolic free calcium (Ca 2þ ) concentration of the egg. It is now widely accepted that the fertilizing sperm generates the Ca 2þ signals by means of a soluble protein identified as phospholipase C zeta (Plcf; for a recent review see [1] ). Released from the sperm head after membrane fusion, Plcf diffuses into the ooplasm and stimulates the phosphoinositide signaling cascade by generating inositol 1,4,5-trisphosphate (InsP 3 ), a crucial second messenger. InsP 3 then binds to its receptor on the surface of the intracellular stores known as the endoplasmic reticulum and causes the release of stored Ca 2þ . Once in the cytoplasm, Ca 2þ interacts with downstream effectors (thereby stimulating a number of egg activation events), after which it is pumped back into the storage compartments or removed from the cell through the plasma membrane [2] .
The prolonged series of transient elevations in the cytosolic free Ca 2þ concentration (also known as Ca 2þ transients) are the result of sequential regenerative mobilization of luminal Ca 2þ from the endoplasmic reticulum, and it is believed that the pattern of the oscillatory signal encodes important developmental information [3] . To maintain the long-lasting oscillatory signal, an influx of extracellular Ca 2þ across the plasma membrane is necessary [4] . In nonexcitable cells a major Ca 2þ influx mechanism is store-operated Ca 2þ entry (SOCE), where Ca 2þ influx is regulated by the filling state of the endoplasmic reticulum (reviewed by Smyth et al. [5] ). The cascade involves the close interaction of two critically important signaling molecules. The Ca 2þ content of the intracytoplasmic stores is sensed by Stim proteins (Stim1 and Stim2). Upon store depletion, Stim1 undergoes a conformational change, translocates to the plasma membrane, and triggers an influx of Ca 2þ through membrane-resident Orai channels. That the sperminduced Ca 2þ transients in fertilized eggs require an influx of Ca 2þ across the plasma membrane is indicated by the fact that the oscillations run down in the absence of extracellular Ca 2þ [6, 7] . Using pig eggs we demonstrated that the Ca 2þ entry underlying the fertilization Ca 2þ signal is operated by the Ca 2þ stores and is mediated by Stim1 and Orai1. We showed that knockdown of Stim1 in the eggs using small interfering RNAs (siRNAs) inhibited the repetitive Ca 2þ signal at fertilization [8] . In a similar manner, eggs with downregulated Orai1 levels displayed only a limited number of Ca 2þ spikes after spermegg fusion [9] . Embryos forming from such eggs also showed poor development in vitro, suggesting that SOCE was essential to sustain Ca 2þ oscillations during fertilization and to support normal embryo development.
Interestingly, recent data obtained in the mouse do not seem to support these findings. Gadolinium (Gd 3þ ) and Synta66, inhibitors that were able to block SOCE, did not prevent Ca 2þ influx after intracytoplasmic sperm injection [10] . In another study, neither SOCE blockers such as SKF-96365 and 2-APB nor the expression of protein fragments that interfered with Stim1-Orai1 interaction had an effect on the sperm-induced Ca 2þ oscillations [11] . These findings seem to imply that the Ca 2þ influx that sustains the train of Ca 2þ spikes during fertilization occurs through channels other than those gated by the stores. In light of these findings, we conducted a number of experiments to clarify the role of SOCE in pig eggs at fertilization. We show that modulation of SOCE disrupts the sperm-induced Ca 2þ signal and provide further evidence that Ca 2þ influx stimulated by store depletion is essential to sustain the repetitive Ca 2þ signal at fertilization in porcine eggs.
MATERIALS AND METHODS

Chemicals
All chemicals were purchased from Sigma-Aldrich Corp. unless otherwise indicated.
Oocyte Maturation
Ovaries from prepubertal gilts were collected at a local abattoir and transferred to the laboratory. Follicular fluid was aspirated from medium-size follicles (3-6 mm in diameter) using a 20G hypodermic needle attached to a 10-ml syringe. The cumulus-oocyte complexes (COCs) were collected from the follicular fluid, rinsed two times in Hepes-buffered Tyrode albumin lactate pyruvate (TALP-Hepes) medium, and transferred into Tissue Culture Medium 199 (50 oocytes per 500 ll of medium) supplemented with 0.1 mg/ml cysteine, 10 ng/ml epidermal growth factor, 0.5 IU/ml luteinizing hormone, and 0.5 IU/ ml follicle-stimulating hormone. They were matured at 398C in an atmosphere of 100% humidity and 5% CO 2 in air for 44 h. After the maturation period, the cumulus cells were removed from the matured eggs by vortexing in the presence of 1 mg/ml hyaluronidase for 4 min. Eggs with intact plasma membrane, evenly dark cytoplasm, and an extruded first polar body were selected and used for the experiments.
In Vitro Transcription
Porcine Orai1 tagged N-terminally with the enhanced green fluorescent protein (EGFP-Orai1) was constructed as described previously [9] . The plasmid encoding the yellow fluorescent protein conjugated to the N-terminus of human Stim1 (YFP-Stim1) was a generous gift from Dr. Tobias Meyer of Stanford University. The mRNAs encoding EGFP-Orai1 and YFP-Stim1 were generated by in vitro transcription using the mMESSAGE mMACHINE Kit (Ambion) [9, 12] . The produced mRNAs were purified by lithium-chloride precipitation; the resulting pellets were resuspended in nuclease-free water to a final concentration of 600 ng/ml. The RNA suspensions were then aliquoted and stored at À808C until use.
RNA Interference
To study protein function, siRNAs were used that were designed through the Stealth RNAi program of Invitrogen. The target regions of each potential siRNA were compared against all available porcine sequences in GenBank to determine specificity, and those showing the highest specificity were selected. For Stim1 knockdown a set of siRNAs was used that targets the SAM domain of the molecule and in previous studies was effective in downregulating Stim1 at both the transcript and protein levels [8, 12] . It included the following siRNAs: sense, 5 0 -UCACGUACGUGGAGCUGCCUCAGUA-3 0 ; antisense, 5 0 -UACUGAGGCAGCUCCACGUACGUGA-3 0 . A scrambled siRNA duplex (sense, 5 0 -UCAAUGCGUAGCGGUCCCUAGCGUA-3 0 ; antisense, 5 0 -UACGCUAGGGACCGCUACGCAUUGA-3 0 ) was used as negative control. To downregulate Orai1, siRNAs were generated that targeted the fourth transmembrane domain of the protein [13] . The sequences of the siRNAs utilized in the experiments are the following: sense, 5 0 -CCUUUGGCCUGA UCUUUAUCGUCUU-3 0 ; antisense, 5 0 -AAGACGAUAAAGAUCAGGCC AAAGG-3 0 . The following scrambled siRNAs were used as negative control:
0 . The success of downregulation was determined by RT-PCR at the transcript level and Western blot analysis at the protein level as previously demonstrated [9] . All the siRNAs were diluted to a final concentration of 1 mM in diethylpyrocarbonate-treated nuclease-free water (Invitrogen), aliquoted, and stored at À808C until use.
Microinjection
Egfp-Orai1 and Yfp-Stim1 mRNAs were injected into the oocytes' cytoplasm using a FemtoJet microinjector (Eppendorf) 34 h after the beginning of maturation. The siRNAs against Orai1 and Stim1 were microinjected into cumulus-enclosed germinal vesicle (GV)-stage oocytes; injection into immature oocytes was necessary in order to downregulate protein expressions effectively. All the microinjections were performed in Ca 2þ -free TALP-Hepes (to avoid accidental oocyte activation as a result of Ca 2þ contamination) on the heated stage of a Nikon TE2000-U inverted microscope (Nikon Corporation). The microinjected oocytes were rinsed and cultured until the end of the 44-h maturation period.
In Vitro Fertilization
Following maturation eggs were rinsed in a modified Tris-buffered medium consisting of 113.1 mM NaCl, 3 mM KCl, 7.5 mM CaCl 2 3 2H 2 O, 20 mM Tris (crystallized free base), 11 mM glucose, 5 mM sodium pyruvate, 0.1% bovine serum albumin, and 1 mM caffeine [14] . They were then placed, in groups of 20, into 50-ll droplets of the same medium covered with mineral oil. Right before in vitro fertilization (IVF), 0.3 ml of boar semen (collected from a large white boar, diluted in Modena extender, and kept at 178C until use) was washed twice in Dulbecco PBS by centrifugation at 900 3 g for 4 min. The final sperm pellet was diluted with the modified Tris-buffered medium and the sperm suspension, at a final concentration of 5 3 10 5 cells/ml, was used for IVF.
Fluorescence Recordings
To assess cytosolic free Ca 2þ levels, the eggs were loaded with the Ca 2þ indicator dye fura-2 by incubation in TALP-Hepes medium containing 2 lM fura-2 AM (acetoxymethyl ester form of the dye) and 0.02% Pluronic F-127 (both from Invitrogen) for 40-50 min. After incubation, the eggs were rinsed in TALP-Hepes medium and transferred into a chamber with a glass coverslip as its bottom. Changes in the eggs' intracellular free Ca 2þ concentration were recorded using InCyt Im2, a dual-wavelength fluorescence imaging system (Intracellular Imaging, Inc.). Emitted fluorescence was recorded at 510 nm using a Pixelfly CCD camera after fura-2 was excited alternately at 340 and 380 nm. The results are presented as ratios of the two emitted fluorescence values, with ratios of 1 and 5 representing ;100 and ;1200 nM Ca 2þ , respectively. In each experiment, the measurements were repeated at least 10 times using different eggs.
RESULTS
SOCE Inhibition Terminates the Sperm-Induced Ca 2þ Oscillations in Pig Eggs
First, the effects of Gd 3þ , an inhibitor of SOCE, on the fertilization Ca 2þ signal were investigated. Pig eggs were incubated with 50 lM thapsigargin in Ca 2þ -free medium for 2 h; this treatment is known to cause the depletion of the intracellular stores. The eggs were then loaded with fura-2 and placed in Hepes-buffered saline solution (HBSS) containing 10 lM Gd 3þ (in control experiments Gd 3þ was omitted from the medium). HBSS supplemented with 5 mM Ca 2þ was then added to the eggs and changes in the intracellular free Ca 2þ levels were monitored. The readdition of Ca 2þ to such cells (n ¼ 10) caused an increase in the intracellular Ca 2þ levels, an indication of SOCE (Fig. 1A) . However, in the presence of 10 lM Gd 3þ , adding Ca 2þ to the holding medium did not generate Ca 2þ influx in the thapsigargin-treated eggs (n ¼ 11). This showed, as expected, that Gd 3þ at low micromolar concentrations inhibited Ca 2þ entry caused by store depletion. Next we tested whether Gd 3þ at the same concentration was able to prevent the Ca 2þ transients triggered by the fertilizing sperm. The eggs were loaded with fura-2 and inseminated, and the gametes were coincubated in a CO 2 incubator for 2 h in an effort to provide optimal in vitro conditions for gamete fusion to take place and Ca 2þ oscillations to be initiated. The presumed zygotes were then transferred to the measuring chamber containing HBSS medium supplemented with 2 mM Ca 2þ . After the recording of a few Ca 2þ oscillations, Gd 3þ (final concentration 10 lM) was added to the medium and the fluorescence measurements were resumed. We found that the fertilization Ca 2þ signal was completely abolished by the inhibitor (Fig. 1B) ; at 10 lM concentration Gd 3þ eliminated the sperm-induced Ca 2þ oscillations in all 11 successfully fertilized eggs (in the absence of Gd 3þ the oscillations continued for hours; Fig. 1C ). This is a strong indication that the fertilization Ca 2þ signal in pig eggs is sustained by SOCE, as Gd 3þ at this concentration specifically blocks Ca 2þ entry gated by the intracellular stores.
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We then investigated how other known SOCE inhibitors affected the fertilization Ca 2þ signal. The eggs were incubated with thapsigargin in Ca 2þ -free TALP-Hepes medium for 2 h and loaded with the Ca 2þ indicator dye. They were then pretreated with the inhibitor 3,5-bis(trifluoromethyl)pyrazole 2 (BTP2; EMD Millipore; final concentration 20 lM) for 30 min and placed in the measuring chamber, and after a few minutes of baseline measurement Ca 2þ (5 mM) was added to the medium. Whereas in control experiments Ca 2þ readdition to thapsigargin-treated cells (n ¼ 6) caused an elevation in the cytosolic Ca 2þ levels (indicative of Ca 2þ entry), no Ca 2þ rise occurred in the eggs in the presence of BTP2 (n ¼ 7; Fig. 2A ). This implied that BTP2 blocked SOCE. When added to fertilized eggs, BTP2 at the same concentration was able to inhibit the sperm-induced Ca 2þ oscillations; no additional transients occurred after BTP2 administration (n ¼ 10; Fig. 2B ). Control fertilized eggs in the absence of BTP2 showed normal, low-frequency Ca 2þ oscillations (n ¼ 5; Fig. 2C ). In a similar fashion tetrapandin-2 (Creative Peptides), another inhibitor of SOCE, was tested for its ability to abolish the Ca 2þ oscillations at fertilization. We found that tetrapandin-2, at a concentration of 10 lM, also inhibited thapsigargin-stimulated Ca 2þ entry (n ¼ 7; Fig. 2D ) and completely disrupted the oscillations in 8 out of 10 eggs (Fig. 2E) . These findings are consistent with the notion that SOCE functions in pig eggs during fertilization as its inhibition impairs the normal oscillatory Ca 2þ signal.
Stim1/Orai1 Knockdown Does Not Alter Store Ca 2þ Content
The Ca 2þ content of the intracellular stores was measured after the downregulation of Stim1 or Orai1 in the eggs. GVstage oocytes were microinjected with siRNAs against these signaling proteins and subsequently matured for 44 h. At the end of the maturation period the cumulus cells were removed and the eggs were loaded with fura-2 and transferred into Ca 2þ -free TALP-Hepes medium. The Ca 2þ content of the stores was estimated by measuring the amount of Ca 2þ released from the stores by a treatment with 10 lM ionomycin in Ca 2þ -free medium. We found that the amount of Ca 2þ mobilized by the ionophore in eggs with downregulated Stim1 or Orai1 levels was similar to that measured in control eggs (noninjected eggs and those injected with scrambled siRNA; Fig. 3 and Table 1 ; P . 0.1). This suggests that siRNA injected against the proteins prior to maturation did not alter Ca 2þ store content of the mature eggs.
Stim1/Orai1 Co-Overexpression Disrupts the Fertilization Ca 2þ Signal
To better understand the role of SOCE during fertilization, we investigated the effects of co-overexpression of Stim1 and Orai1 on the sperm-induced Ca 2þ signal. Messenger RNAs encoding YFP-Stim1 and EGFP-Orai1 were microinjected into the female gametes 34 h after the beginning of in vitro maturation. Eight hours later the eggs showing green/yellow fluorescence were selected and loaded with fura-2. They were then transferred into drops of IVF medium, coincubated with porcine sperm at 398C for 2 h in a CO 2 incubator, and used to monitor changes in their intracellular free Ca 2þ concentrations. Out of the 10 fertilized eggs measured, 6 displayed Ca 2þ signals, whereas in the remaining 4 cases no changes in the cytosolic Ca 2þ levels occurred (possibly because of failure of sperm penetration). Interestingly, the Ca 2þ oscillation pattern was irregular in all six eggs: the eggs could mount only two to four transients before the Ca 2þ levels started to rise, reached a plateau, and remained high until the end of the measurement (Fig. 4A) . Eggs that did not have elevated levels of Stim1 and Orai1 showed normal Ca 2þ oscillations (Fig. 4B) . The continuously high cytosolic Ca 2þ level in the eggs is probably due to the fact that Stim1-Orai1 co-overexpression put SOCE into overdrive that disrupted the normal Ca 2þ signal after gamete fusion. Some Stim1/Orai1-overexpressing eggs were fixed after the oscillations stopped and observed using a confocal microscope. These showed green fluorescence in their plasma membranes, indicative of exogenously expressed Orai1; they also had clusters with yellow fluorescence in the cortical cytoplasm, which implied that Stim1 was activated and triggered Ca 2þ influx (Fig. 4C ). This suggests that Ca 2þ entry mediated by these proteins is involved in the maintenance of the Ca 2þ oscillations at fertilization.
Pig Eggs Do Not Contain a Thapsigargin-Resistant Ca 2þ Pool
In this experiment we asked the question whether the SERCA pump inhibitor thapsigargin is able to completely deplete the Ca 2þ stores and disrupt the fertilization Ca 2þ signal. Pig eggs were incubated in Ca 2þ -free TALP-Hepes medium in the presence of 50 lM thapsigargin for 2 h, then loaded with fura-2. After a 2-min baseline measurement in Ca 2þ -free medium, ionomycin was added to the cells at a final concentration of 10 lM and the changes in the intracellular free Ca 2þ concentration were recorded. In control eggs (those The effect on SOCE was tested after the intracellular stores were depleted by thapsigargin in Ca 2þ -free medium. The eggs were then placed into HBSS with or without 10 lM Gd 3þ and Ca 2þ (arrow) was added back to the eggs. Gd 3þ inhibited the Ca 2þ influx induced by store depletion. B) Gd 3þ also blocked the Ca 2þ oscillations during fertilization. In HBSS medium supplemented with Ca 2þ , the addition of 10 lM Gd 3þ (arrow) terminated the ongoing sperm-induced Ca 2þ transients. C) In the absence of Gd 3þ the oscillations went on for hours.
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that were not treated with the inhibitor; n ¼ 11) the addition of ionomycin stimulated the release of Ca 2þ from the intracellular stores, whereas in thapsigargin-treated eggs (n ¼ 10) it induced only a negligible increase in the cytosolic Ca 2þ levels (Fig.  5A) . In other cases the thapsigargin-treated eggs were microinjected with InsP 3 (pipette concentration 10 lM) in Ca 2þ -free medium. Similarly to ionomycin, the injection of InsP 3 was unable to mobilize any Ca 2þ in eggs that were preincubated with thapsigargin, although it stimulated a large Ca 2þ transient in control cells (Fig. 5B) . These findings indicated that thapsigargin completely depleted the intracellular Ca 2þ stores. In the final experiment thapsigargin, at a final concentration of 50 lM, was added to fertilized eggs once the sperm-induced Ca 2þ oscillations had been established. We found that the addition of the inhibitor led to an abrupt cessation of the Ca 2þ oscillations in the cytoplasm. This was followed by an increase in the baseline Ca 2þ level; the increase in some cases was slow (Fig. 5C ), whereas in other eggs it was somewhat faster and reached higher levels (Fig. 5D) . Nevertheless, the eggs were not able to mount additional Ca 2þ spikes, probably because thapsigargin, as found in the previous experiments, caused a complete depletion of the Ca 2þ stores.
DISCUSSION
It is the repetitive discharge of Ca 2þ from the lumen of the endoplasmic reticulum through which the fertilizing sperm evokes the oscillatory signal that activates mammalian eggs. At the same time, an influx of extracellular Ca 2þ across the plasma membrane is also essential in the generation of the sustained signal. Using the manganese quench technique to monitor divalent cation influx and a targeted fluorescent probe to visualize Ca 2þ levels in the endoplasmic reticulum, it was clearly demonstrated that the transmembrane Ca 2þ current is important for the refilling of the Ca 2þ storage depots so that an additional transient can take place through another round of Ca 2þ release [11] . However, the identity of the influx pathway that sustains the fertilization Ca 2þ signal has remained a matter of debate.
The existence of a Ca 2þ entry cascade that is regulated by the filling status of the intracellular Ca 2þ stores was demonstrated long ago in various cell types [15, 16] . By using thapsigargin, an inflammatory plant toxin, it was later shown that simply depleting the Ca 2þ stores (without inducing the formation of InsP 3 , the Ca 2þ -mobilizing second messenger) stimulated the same amount of Ca 2þ entry as did the activation of the phosphoinositide signaling pathway [17] . The Ca 2þ influx pathway that is gated by store depletion was then demonstrated in eggs of various species, including Xenopus [18] , mouse [7] , pig [19] , and human [20] . Using the technique of RNA interference, we then demonstrated that SOCE mediated by Stim1 and Orai1 proteins was essential to sustain the train of Ca 2þ spikes during porcine fertilization; with downregulated Stim1 or Orai1 the eggs were not able to mount the repetitive Ca 2þ signal [8, 9] . The pathway inactivates in Xenopus oocytes during maturation [21] ; this may be related to the fact that the fertilization Ca 2þ signal in Xenopus consists of only a single Ca 2þ transient, in which case there is no need for an immediate Ca 2þ entry to refill the stores. In the mouse it seems to be downregulated during meiosis [22, 23] (although others have found that SOCE activity progressively increased during maturation [24] ) but nevertheless it remains active in metaphase II eggs. In addition, according to one study the Ca 2þ sensor Stim1 relocalizes to the plasma membrane after gamete fusion, implying that SOCE does become activated at fertilization [25] .
With this background it was somewhat unexpected when new data from a number of laboratories suggested that in the mouse SOCE might not be the primary mechanism that delivers extracellular Ca 2þ across the oolemma to sustain the fertilization Ca 2þ signal. Known inhibitors of SOCE, although they blocked Ca 2þ entry after a biochemically induced store depletion, did not prevent Ca 2þ oscillations after intracytoplasmic sperm injection or IVF [10, 11] . In addition, the expression of protein fragments that interfered with the interaction between Stim1 and Orai1 was also unable to block the sperm-induced Ca 2þ spikes in mouse eggs [11] . These results argued against SOCE being required at fertilization, at least in the mouse. We therefore designed a number of experiments using pig eggs in an effort to further our understanding about the role and significance of SOCE. The lanthanide Gd 3þ is often used to inhibit the movement of Ca 2þ across the plasma membrane. At low (1-10 lM) concentrations it specifically blocks SOCE: in somatic cells, 1 lM Gd 3þ blocked store-operated Ca 2þ influx [26] , whereas in mouse eggs 10 lM Gd 3þ was used successfully to inhibit SOCE without affecting other Ca 2þ channels [10] . At higher micromolar concentrations Gd 3þ inhibits Ca 2þ influx through all types of channels and at millimolar levels it blocks not only Ca 2þ entry but, by inhibiting plasma membrane Ca 2þ -ATPase pumps, Ca 2þ efflux as well. Because it is insoluble in the presence of phosphate and bicarbonate, Gd 3þ must be used in simple media such as HBSS [10, 27] . A significant finding (and one that seemingly contradicted our data) in the mouse was the fact that Gd 3þ at a concentration that blocked SOCE (10 lM) failed to prevent the long-lasting fertilization Ca 2þ signal [10] . In our experiments Ca 2þ influx induced by store depletion was inhibited by 10 lM Gd 3þ , indicating that Gd 3þ effectively blocked SOCE. More importantly, Gd 3þ at the same concentration completely abolished the fertilization Ca 2þ signal. The eggs were inseminated in regular fertilization medium and incubated in a CO 2 incubator for 2 h (this was necessary to provide optimal conditions for gamete fusion to take place and Ca 2þ oscillations to be initiated); they were then transferred into the simple HBSS medium. The addition of Gd 3þ immediately stopped the Ca 2þ oscillations, indicating that SOCE was responsible for providing the Ca 2þ influx to maintain the repetitive signal. The use of BTP2 and tetrapandin-2 led to similar results. BTP2 (also known as YM-58483) is a pyrazole derivative and a selective blocker of SOCE; it was first described to inhibit store depletion-induced Ca 2þ influx (and hence interleukin 2 production) in T lymphocytes [28] . Tetrapandin-2, on the other hand, is a scorpion toxin that was shown to specifically inhibit SOCE in human embryonic kidney cells [29] . In our experiments both a Store content was assessed by the amount of Ca 2þ mobilized by ionomycin in Ca 2þ -free medium and is illustrated here as peak fluorescence ratio.
FIG. 4.
Eggs with elevated levels of Stim1 and Orai1 are not able to mount long-lasting Ca 2þ oscillations. A) Co-overexpression of the two proteins in fertilized eggs led to oscillatory Ca 2þ signals that stopped after just a few transients because of persisting high cytosolic Ca 2þ levels caused by highly activated SOCE. B) Eggs without exogenous Stim1 and Orai1 expression displayed normal, long-lasting oscillations. C) When Stim1/Orai1-overexpressing eggs were fixed immediately after the sperm-induced Ca 2þ oscillations terminated, they showed Orai1 expression as well as Stim1 clusters in the plasma membrane region, indicating an activated SOCE mechanism.
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inhibitors effectively suppressed the repetitive Ca 2þ signals induced by the fertilizing sperm. These data imply that it is SOCE that sustains the repetitive Ca 2þ oscillations after fertilization in the pig. In previous studies designed to characterize the mode of Ca 2þ entry at fertilization we found that pig eggs with downregulated Stim1 or Orai1 levels were unable to mount repetitive Ca 2þ transients after sperm-egg fusion [8, 9] . In those experiments, in order to effectively knock down expression levels, siRNAs against these proteins were microinjected into GV-stage oocytes, prior to maturation. The lack of Ca 2þ oscillations in such eggs following maturation and subsequent fertilization was interpreted as an indication that SOCE was required to sustain the long-lasting signal. However, an alternative explanation was also proposed: it was suggested that such eggs were unable to display sustained oscillations because of diminished Ca 2þ stores (based on the assumption that pig oocytes require Stim1 to maintain the endoplasmic reticulum during maturation) rather than compromised Ca 2þ influx at the time of fertilization [30] . The experiment using ionomycin seems to refute this proposition. The Ca 2þ ionophore ionomycin is frequently used to induce Ca 2þ release from intracellular stores; if applied under Ca 2þ -free conditions the elevation in the intracellular free Ca 2þ levels gives an indication about the amount of Ca 2þ stored in the endoplasmic reticulum [31] . The Ca 2þ mobilized by ionomycin in siRNAtreated eggs was similar in volume to that measured in the control group, indicating that injecting oocytes with siRNA against Stim1 or Orai1 prior to maturation did not reduce the amount of stored Ca 2þ by the end of the maturation period. In the mouse, the endoplasmic reticulum Ca 2þ content increases during oocyte maturation, but the mechanism responsible for the increase has not yet been clearly identified. GV-stage oocytes exhibit spontaneous Ca 2þ oscillations, and these oscillations require influx of extracellular Ca 2þ [32] . Although it is possible that this influx is responsible for store Ca 2þ accumulation, and also that it is mediated by Stim1 and Orai1, it is somewhat surprising that the oscillations stop around germinal vesicle breakdown (GVBD) [33] although the increase in the store content continues [23, 33, 34] . Note however, that our data do not exclude the possibility that SOCE is required for store filling in GV-stage oocytes. In pig oocytes GVBD occurs 16 to 20 h after the initiation of in vitro maturation [35] , and protein turnover also takes an extended period of time: median half-life of proteins in mouse fibroblast cells was found to be 46 h [36] , whereas oocyte proteins in Xenopus have an average half-life of 73 h [37] . Thus it is reasonable to assume that in the siRNA-injected oocytes endogenous Stim1 and Orai1 did exist during the initial phase of maturation (which is the time mouse oocytes display spontaneous Ca 2þ oscillations) and they were available to mediate Ca 2þ influx to accumulate Ca 2þ in the endoplasmic reticulum. In any case, the accumulated data indicate that pig eggs with downregulated Stim1 and Orai1 had Ca 2þ stores whose size could not be accountable for the lack of Ca 2þ oscillations at the time of fertilization. A) The eggs were incubated with the SERCA pump inhibitor thapsigargin in Ca 2þ -free medium to empty the stores. In such eggs 10 lM ionomycin (arrow) was not able to mobilize additional Ca 2þ , whereas in control eggs that were not treated with the inhibitor, ionomycin caused the release of stored Ca 2þ . B) In the thapsigargin-pretreated eggs InsP 3 was also without effect, whereas in control eggs it caused a large increase in the cytosolic Ca 2þ levels. C) Thapsigargin also caused an immediate disruption of the fertilization Ca 2þ signal in pig eggs. After detection of a few sperm-induced Ca 2þ oscillations, thapsigargin (final concentration 50 lM) was added to the gametes. The inhibitor halted the oscillations and caused a slow (C) or in some cases a faster (D) elevation in the cytosolic free Ca 2þ levels.
Another indication that Stim1 and Orai1-mediated Ca 2þ entry operates during signaling at fertilization is the fact that the co-overexpression of the two proteins led to the disruption of the sperm-induced Ca 2þ signal. Eggs with elevated Stim1 and Orai1 levels displayed irregular Ca 2þ signals that stopped after only a few transients. Previously, simultaneous overexpression of Stim1 and Orai1 enhanced SOCE in pig eggs after the intracellular stores were depleted by pharmacological means [9] . In mouse oocytes, co-overexpression of hStim1 and hOrai1 led to persistently increased basal Ca 2þ levels, which was interpreted as proof that SOCE plays a key role in the regulation of Ca 2þ homeostasis during the early stages of maturation [23] . In the current study the eggs showed a continuous elevation in their cytoplasmic Ca 2þ levels soon after the initiation of the signal, probably because of enhanced SOCE. Confocal imaging of these eggs indicated Stim1 clusters colocalizing with Orai1 in the region of the cortical cytoplasm, implying the activation of SOCE in the cells. Again, these observations strengthen our hypothesis that SOCE is functional during signaling at porcine fertilization and it is essential for the maintenance of the long-lasting Ca 2þ signal.
The results listed above strongly argue in favor of the involvement of SOCE in the maintenance of the sperm-induced Ca 2þ oscillations in pig eggs. They are also in stark contrast with the mouse data published lately. This is why we decided to analyze additional details in the regulation of the repetitive Ca 2þ signal in pig eggs and look for other potential differences in the signaling system relative to the mouse. The effects of SERCA pump inhibitors on mouse eggs were described a long time ago. In unfertilized eggs a treatment with thapsigargin decreased the amount of Ca 2þ that could be mobilized by ionomycin, and when added to fertilized eggs it suppressed the train of Ca 2þ spikes [7] . However, ionomycin or InsP 3 could mobilize additional Ca 2þ from the egg's intracellular stores after a treatment with thapsigargin; this led to the suggestion that thapsigargin-resistant Ca 2þ stores may exist in the mouse. In pig eggs such stores clearly do not exist: neither ionomycin nor InsP 3 was able to trigger the release of additional Ca 2þ once the endoplasmic reticulum was depleted. A possible reason for this phenomenon is that several types of sarcoendoplasmic reticulum Ca 2þ -ATPases exist. Three different SERCA genes encode three main isoforms, and alternative splicing further increases the number of pump variants; these may have different sensitivities to thapsigargin [38, 39] . This could also explain why thapsigargin elicited different responses following fertilization. Fertilized mouse eggs displayed up to six transients before the oscillations stopped in response to the addition of thapsigargin, whereas the inhibitor's action was immediate in the pig. It seems that thapsigargin depleted all the Ca 2þ stores in pig eggs, and, because its presence irreversibly prevents store refilling [40] , no further oscillations took place. On the other hand, the additional Ca 2þ transients after the thapsigargin treatment may have been facilitated by thapsigargin-resistant stores in mouse eggs. These results suggest that different types of Ca 2þ -ATPases exist in different species and might also explain why Ca 2þ signaling pathways are differentially regulated in eggs of various species.
Overall, the data presented above indicate that in pig eggs SOCE is the main mechanism that sustains the repetitive Ca 2þ signal during fertilization. Because mouse eggs seem to utilize other types of Ca 2þ influx channels to regulate the sustained fertilization Ca 2þ signal, it would be important to investigate what mechanisms operate in other species. SOCE has already been shown to exist in human eggs [20] , although its function at fertilization is yet to be demonstrated. However, because recent findings point toward the importance of the spatiotemporal localization of Ca 2þ signals in the stimulation of complete egg activation [10] , a better understanding of the mechanism that delivers Ca 2þ across the oolemma is imperative to improve the efficiency of assisted reproduction for both agricultural and medical purposes.
